The capability of the biosurfactantproducing strain Rhodococcus wratislawiensis BN38 to mineralize both aromatic and aliphatic xeno biotics was proved. During semicontinuous cultivation 11 g/l phenol was completely degraded within 22 cycles by Rhodococcus free cells. Immobilization in a cryogel matrix was performed for the first time to enhance the biodegradation at multiple use. A stable simultaneous hydrocarbon biodegradation was achieved until the total depletion of 20 g/l phenol and 20 g/l nhexadecane (40 cycles). The alkanotrophic strain R. wratislawiensis BN38 preferably degraded hexadecane rather than phenol. SEM revealed well preserved cells entrapped in the heterogeneous supermacroporous structure of the cryogel which allowed unhindered mass transfer of xenobiotics. The immobilized strain can be used in real conditions for the treatment of contaminated industrial waste water. K e y w o r d s: Rhodococcus sp.
Introduction
Pollution of the environment is one of the major challenges of today's civilization (Kumar and Sumangala, 2012) . Phenolic compounds are among the most fre quently found xenobiotics in rivers, industrial effluents, and landfill runoff waters. Phenols come from several types of industries -from coal refineries, phenol manu facturing pharmaceuticals, paper mills, paints, dyes, petrochemicals, and textiles (Kumar et al., 2005) . Phe nol and its derivatives are harmful both for the living bodies and non living environment (Nair et al., 2008) . These are toxic either by ingestion or by contact or inhalation even at low concentrations. Industrial efflu ents containing phenol require proper treatment prior to its discharge into the environment. Pollution, due to petroleum oil, is also a prevalent ecological hazard and hence, microbial degradation of hydrocarbons is a top issue (Cameotra and Singh, 2009 ). The capacities of aerobic microorganisms for biodegradation of aromatic compounds as well as aliphatic alkanes, often found together in different wastes, are of particular relevance (Dawson et al., 2007) . Biodegradation is generally pre ferred due to economic issues and the lack of produc tion of hazardous byproducts to the use of conventional processes. The biochemical potential of actinobacteria of the genus Rhodococcus has been increasingly stud ied because of their high catabolic diversity and unique enzymatic capabilities, as well as stable cell physiology (van der Geize and Dijkhuizen, 2004) .
To enhance the biodegradation capabilities of micro organisms different approaches were applied (Shetty et al., 2007; Li et al., 2013) . For example, immobiliza tion technique could lead to the accomplishment of quite effective technological processes for bioreme diation of contaminated sites (Yordanova et al., 2009) . The advantages of the process based on immobilized biomass include enhancing microbial cell stability, allowing continuous process of operation and avoid ing the biomassliquid separation requirement. Physical entrapment of organisms inside a polymeric matrix is one of the most widely used techniques for wholecell immobilization (Meggyes and Simon, 2000) . Super macroporous polymer cryogels are an interesting class 3 288 of materials due to their unique heterogeneous open porous structure, which significantly increases the equilibrium sorption properties and allows unhindered diffusion of solutes, nanoparticles and microparticles. Usually, cryogels possess spongylike structure of huge pores (50-200 µm) containing free water surrounded by thin walls and, therefore, they are often used for immo bilization of enzymes and cells by entrapment inside the channels of interconnected pores (Lozinsky et al., 2003) .
Many bacterial strains have been isolated with the abilities to degrade nhexadecane and phenol sepa rately, which are often used to represent the aliphatic and aromatic pollutant (Yordanova et al., 2009; Abdel Megeed et al., 2010; Tambekar et al., 2012) . However, few strains have been reported to have the dual abilities (Sun et al., 2012) .
This paper aims to report the first study on simul taneous biodegradation of nhexadecane and phenol by Rhodococcus wratislawiensis BN38 immobilized in hydroxypropylcellulose/poly (Nisopropylacrylamide) cryogel matrix.
Experimental

Materials and Methods
Microorganism, media and cultivation. The R. wrati slawiensis BN38, employed in this study was isolated from soil polluted with hydrocarbons by a standard enrichment technique (Tuleva et al., 2008) O, 0.2 and phenol and nhexadecane at 500 mg/l, unless otherwise mentioned, was used. The pH of the medium was adjusted to 7.0. The MSM was solidified as MSM phenol agar by addition of 1.8% agar when necessary. Cultures grown on MSM agar supplemented with 500 mg/l phenol were used to inoculate 500 ml Erlenmeyer flasks, containing 100 ml liquid MSM. At each cycle MSM was supplemented to 100 ml with fresh sterile medium without cell transfer and only phenol was added. Cultures were incubated during the longterm semicontinuous biodegradation processes while shaking (120 rpm) at 29°C. Inocula with cell density (OD 610 nm) of 0.4 were employed in the processes of biodegradation. The pH values were 6.7-6.8 all the time, due to the buffering activity of the nutrient medium used.
Bacterial growth was assessed by determination of the optical density (OD 610 nm) of the culture. Acclima tization procedures were carried out by multiple pas sages on MSM agar with phenol as a sole carbon and energy source. Ten passages were carried out with increasing concentrations of the xenobiotic to achieve an adapted culture.
Analytical methods. Phenol concentrations were determined colorimetrically with 4aminoantipyrine according to American Public Health Association (1999) .
Trehaloselipids were quantified after alkaline hydro lysis with the anthrone method (Pan et al., 1996) . From the dichloromethane extracts of nhexadecane grown BN38 cultures 4 ml samples were taken, freed from the solvent and hydrolyzed for 15 min with 1 ml 1 M NaOH in a boiling water bath under frequent shak ing. After cooling, equimolar amount of 1 M HCl was added and the mixture was centrifuged 15 min at 15000 × g to separate residual n-alkane. Then one hundred and thirty micro liters of the aqueous phase was mixed with 3fold volume of freshly prepared anthrone reagent (0.2 g anthrone in 96% sulphuric acid) and the mixture was heated 15 min in a boiling water bath. After cooling, the OD 620 was measured and compared with a calibration curve prepared with trehalose in a concentration range from 0 to 0.3 mM.
Biodegradation of hexadecane was measured as sub strate depletion. At certain time points, whole cultures were extracted with equal volumes of nhexane and residual nhexadecane was quantified by gas chroma tography using a HewlettPackard model 5859 instru ment equipped with a flame ionization detector.
Cell surface hydrophobicity. Cell surface hydro phobicity was determined by the bacterial adhesion to hydrocarbons (BATH) and measured spectrophoto metrically as described by Rosenberg et al. (1980) . The difference between the OD of the aqueous phase before and after the mixing time was used to calculate the adhesion as a percentage: 100 × [1(OD 600 nm after mixing/OD 600 nm before mixing)].
Detection of biosurfactant production. Two sim ple preliminary methods were used for detection of bio surfactant production: (1) The surface tension (ST) of the supernatant fluid was measured, after centrifugation at 8000 × g for 20 min, by the du Noüy ring method using a tensiometer (Krüss, Hamburg, Germany). Before each measurement, the instrument was cali brated against triple distilled water. (2) The emulsify ing activity of the culture supernatant was estimated by adding 0.5 ml of sample fluid and 0.5 ml of kero sene to 4.0 ml of distilled water. The tube was vortexed for 10 sec, held stationary for 1 min, and then visually examined for turbidity of the stable emulsion.
Immobilization. Separately, 0.2 g hydroxypropyl cellulose (MW 1.15 × 10 6 g/mol, Aqualon Division, USA) was dissolved in 7 ml deionized water under stirring at 20°C and kept overnight to ensure complete dissolution of the polymer. Then, 0. -This copy is for personal use only -distribution prohibited.
acrylamide (Aldrich, Germany) and 0.04 g crosslinking agent (N,N'methylene bisacrylamide; Merck, Darm stadt, Germany) both dissolved in 3 ml distilled water, and 0.067 ml photoinitiator (H 2 O 2 , 30% aqueous solu tion; Merck, Germany) were added and the obtained mixture was poured into Teflon dishes (portions of 1 ml in 10 dishes with a diameter of 20 mm) forming a 4 mm thick layer. The samples were frozen at -20°C for 2 h and irradiated with the full spectrum of UVVis light from a 400W metal halide flood lamp (Dymax 5000EC; Dymax Corporation, Torrington, CT, USA) for 5 min (irradiation dose rate: 5.7 J/cm 2 min; input power: 93 mW m -2 ). The cryogels were extracted in dis tilled water for seven days, frozen and freeze dried in an "Alpha 1-2 Freeze Drier" (Martin Christ) at -55°C and 0.02 mbar for 24 h. Finally, the freeze dried cryogels were immersed in 7 ml cell suspension. Cells were har vested by centrifugation at 8000 × g and resuspended in phosphate buffer (0.06 M, pH 7.0 at 20°C) to obtain a cell density of 40×10 9 g -1 carrier material. The cells were immobilized into HPC/PNIPAAm cryogel pores by soaking freeze dried disks in cell suspension till 90% of the suspension was swollen by the matrix.
Scanning Electron Microscopy (SEM). Cryogel disks with and without cells were frozen in a freezer at -20°C, fractured and freeze dried in an '' Alpha 1-2 Freeze Drier''(Martin Christ) at -55°C and 0.02 mbar for 24 h. Then, gel specimens were fixed on a glass substrate and coated with a thin layer of gold for 60 sec. The interior and surface morphology of the gels and immobilized bacteria were studied by using a JEOL JSM5300 SEM operating at 10 kV at magnifica tion from 150 to 1000.
Statistical analysis. All data are presented as means± standard deviation. The significance of differences between the treatments was evaluated by oneway anal ysis of variance (ANOVA) and a Bonferroni post hoc test, using InStat (GraphPad Software Inc., La Jolla, CA, USA). Values of P < 0.05 were considered significant.
Results
Catabolic activity of free cells after acclimatization. The acclimatization of the selected isolate was performed in a phenol containing MSM to increase its biodegradation potential. Initially, the strain was grown in MSM with increasing concentrations of phe nol (250, 500, 750 and 1000 mg/l). During the accli matization process, the bacterial cells became adapted to the increasing concentrations of phenol with no signs of cell lysis and 500 mg/l appeared to be the most appropriate concentration for conveying the process. This adaptability of R. wratislawiensis BN38 was clearly revealed by the numerous numbers of cycles with active processes of biodegradation. Each cycle started with introduction of the substrate in the medium and finished with its depletion. The whole added phenol quantity (11 g/l) was mineralized with a high rate and stability during 22 cycles of operation with xenobiotic concentration of 500 mg/l at each cycle (Fig. 1) . Simultaneous biodegradation of aromatic and aliphatic xenobiotics by free cells. The simultaneous biodegradation of an aromatic and aliphatic xenobiotic was also accomplished by R. wratislawiensis BN38 free cells. After the addition of equal quantities of phenol and hexadecane, full depletion of phenol was achieved for 18-24 h in the range of 16 active cycles, while hexa decane was totally degraded for only 12 h (Fig. 2) . Dur ing these 16 active cycles of biodegradation 8 g/l phenol and 8 g/l hexadecane were degraded. 
290
(Nisopropylacrylamide) conetwork is used for the first time for the immobilization of the investigated strain. It was established that during 40 cycles the catabolic potential of the immobilized cells remained at a very high level. These results confirmed that the method of immobilization appeared to be very effec tive for a long period of time40 days (Fig. 3) . The opti cal density was 0.25-0.3 OD, which value is negligible compared to the cell density of entrapped quantity of cells (1.6 OD).
Scanning Electron Microscopy (SEM). As seen from SEM micrographs of the studied samples, the obtained cryogel had a heterogeneous supermacropo rous structure (Fig. 4A ). Bacterial cells were homogene ously distributed and adhered to all the surface spaces of the carrier, forming a biofilm. The uniform distribu tion is an important criterion for the proper adsorption and degradation of phenol on the whole surface area of the bacterial colonies immobilized. The colonies that were formed by the cells of the strain are well visualized by the SEM (Fig. 4B, C) . Moreover, scanning electron microscopy studies confirmed that the cells preserved their shape and their regular distribution after many cycles of use.
Simultaneous biodegradation of phenol and hexadecane by cryogel immobilized cells. These experi ments were also performed at a semicontinuous mode of operation by the addition of both xenobiotics at equal concentrations. The end of each cycle was marked when the whole phenol quantity was depleted. After multiple addition of phenol and nhexadecane to the medium (40 active cycles), it was found that both xenobiotics were totally degraded, but at different rates. Apparently, the alkanotrophic strain R. wratislawiensis BN38 prefer ably degraded hexadecane rather than phenol. The total amount of each degraded compound was 20 g/l (Fig. 5) .
Biodegradation at gradual increase of phenol concentration. Estimation of the maximal biodegradation capacity of the immobilized cells was also performed by the addition of phenol with increased concentration at every cycle that followed. The total depletion of the phe nol at nine different initial concentrations, from 0.6 to 2.2 g/l, was registered. The experiments demonstrated that the immobilized R. wratislawiensis BN38 cells have high catabolic ability up to a phenol concentration of 2.4 g/l (Fig. 6) . Decrease in the biodegradation rate was -This copy is for personal use only -distribution prohibited.
registered at a concentration of 2.4 g/l phenol, probably due to the high concentration of the xenobiotic. Simultaneous biodegradation at gradual increase of phenol and hexadecane concentrations. Simulta neous biodegradation of phenol and hexadecane, at equal concentrations of both xenobiotics from 0.6 up to 2.4 g/l, showed a similar trend as compared to the biodegradation of phenol without hexadecane (Fig. 7) .
Gas chromatography analyses proved that hexadecane was totally degraded and did not inhibit the process of phenol biodegradation. However, at a concentration of 2.4 g/l, 96% of the added hexadecane was degraded for 96 h, while the degradation of phenol was retarded and 55% of it remained in the medium. Parallel carbon uptake of phenol and hexadecane in fact resulted in two fold higher consumption of the toxic carbon substrates.
Role of biosurfactants in the biodegradation processes. When only phenol was present in the aqueous media, trace amounts of surfactant production from free cells were registered (50 mg/l). Cell surface hydro phobicity was high (80%) and remained constant till the end of the process. The surface tension was slightly decreased to 50 mN/m. During the biodegradation of both hydrophilic and hydrophobic xenobiotics, enhanced biosurfactant production (500 mg/l) was quantified. Biosurfactant levels increased exponentially and reached maximum levels in stationary growth as described previously (Tuleva et al., 2008) . A significant decrease of the surface tension to 32 mN/m was also registered, accompanied by the formation of stable emulsions with kerosene. Cell surface hydrophobicity declined from 80% to 32% in the stationary growth. -This copy is for personal use only -distribution prohibited.
Discussion
The main objective of this study was to assess the potential of free and immobilized R. wratislawiensis BN38 cells to degrade both aromatic and aliphatic waste substrates.
The multiple passages on solid media with phenol as a sole carbon and energy source showed that bio degradation of industrial wastes could be improved if the microorganisms are previously adapted to the toxic compounds. Changes in the membrane fluidity and induction of certain enzymes during acclimatization of R. wratislaviensis, could be the major responses of the bacterium to the presence of this xenobiotic (Kumar et al., 2005) . In our experiments during the first 10 cycles of biodegradation, phenol was completely degraded for 24 h and in the ensuing cycles, the time for phenol deg radation even slightly decreased (18 h). Similar results were reported by Soudi and Kolahchi (2011) , where phenol with the same concentration (500 mg/l) was degraded for 32 h by Rhodococcus erythropolis SKO1 but in a single cycle. During the last cycle, prolonged time of degradation was observed probably due to decrease of the biodegradation capabilities of the strain.
Representatives of the genus Rhodococcus have been immobilized in different types of matrices (Prieto et al., 2002) . Other studies describe the performance in 10 active cycles of phenol biodegradation by immo bilized in Ca alginate Rhodococcus sp. cells (Pai et al., 1995) . Quek et al. (2006) , reported on the immobiliza tion and performance of a hydrocarbondegrading Rhodococcus sp. F92 on polyurethane foam with a successful result in the bioremediation of petroleum hydrocarbons for both free and immobilized cells. In our study, with the application of the immobilization technique, a model system was developed for a stable in time and very effec tive biodegradation process. The formation of a polymer conetwork from HPC and PNIPAAm (1:1 mass ratio) provided a biocompatible cryogel matrix with good mechanical properties. Moreover, it was established that the immobilization procedure employed preserves the cells viability and biodegradation capability. Similar results were described by Velickova et al. (2010) . The increased stability of the cells during the long time of use with preserved vitality and catabolic activity could be explained by the protecting effect of the matrix in which they were immobilized. There is a diffusion bar rier formed that prevents the sharp intrusion of different xenobiotics into the cell (Basha et al., 2010) .
Most notable part of our results was the capability of R. wratislawiensis BN38 immobilized in the cryogel for a simultaneous biodegradation of a hydrophilic and a hydrophobic xenobiotic under semicontinuous pro cesses. In comparison to the catabolic ability of the free cells of the same strain, the biodegradation capability of the immobilized cells was much higher, taking into account the number of active cycles of operation (40). During these cycles the multiple addition of phenol and hexadecane resulted in their total mineralization. In the case of free cells their biodegradation capabil ity decreased in the last cycles, while immobilized cells preserved their ability to degrade both xenobiotics with increasing concentrations up to 2.4 g/l.
To date there are very few studies carried out on the simultaneous degradation of a hydrophilic and a hydro phobic xenobiotic. Thus, Sun et al. (2012) reported that three Acinetobacter strains were able to degrade phe nol and hexadecane (400 mg/l) in a single active cycle. The active simultaneous biodegradation of phenol and hexadecane is due to the presence of two membrane connected enzymes: phenolhydroxylase and alcanemo nooxigenase. In addition, the channels for the transfer of hydrophilic and hydrophobic xenobiotics are situated on different sites of the cells (van Beilen and Funhoff, 2007; Ullrich and Hofrichter, 2007) .
A well known feature of Gram(+) bacteria, espe cially the actinobacteria is their ability to degrade alkanes (Finnerty, 1992) . Further more, their growth on aliphatic hydrocarbons is usually accompanied by the synthesis of biosurfactants. Suggested mechanisms for the uptake of hydrophobic contaminants by degrad ing bacteria include direct contact of the substrates with microorganisms having a high cell surface hydropho bicity and biosurfactantmediated uptake by micro organisms capable of producing biosurfactants (Zhao et al., 2011) . Thus, when grown on phenol and hexa decane strain BN38 produced a bisurfactant possess ing the same fragmentation pattern from mass spectra analysis of trehalose tetraester as already described (Tuleva et al., 2008) . Initially the cells of R. wratislawiensis BN38 showed 80% adhesion to hexadecane indicat ing high cell surface hydrophobicity. Later, they became more hydrophilic most probably due to the cellbound biosurfactants that expose their hydrophilic moieties towards the water phase. These observations are con sistent with previous reports (Kundu et al., 2013) .
For the hydrophilic xenobiotic phenol, the processes were different. In our studies no surfactant activity and no changes in cell surface hydrophobicity were regis tered. Most probably phenol acts in a different man ner by changing the function of the cell membrane by transformation of its fluidity and the protein/lipid ratio (Sikkema et al., 1995) . Thus, these changes together with the induction of a number of catabolic enzymes are the main cell response to the presence of the xenobiotic phe nol in the medium (de Carvalho and da Fonseca, 2005) .
Conclusions
(1) Successful simultaneous biodegradation of the aromatic xenobiotic phenol and the aliphatic one -This copy is for personal use only -distribution prohibited.
nhexadecane by R. wratislawiensis BN38 cells immo bilized in a hydroxypropylcellulose/poly (Nisopropy lacrylamide) cryogel was achieved for the first time.
(2) The system possesses capability to degrade the two xenobiotics up to concentrations of 2.4 g/l and can be exploited for multiple use (40 active operating cycles).
(3) Such model system is very near to the param eters found in different waste waters, where the toxic compounds do not appear separately but in mixtures.
(4) The ability of the investigated strain to degrade different xenobiotics combined with the immobiliza tion technique makes possible the preparation of active and stable operating system that can be involved in a biotechnological scheme for the bioremediation of waste waters, containing these pollutants.
